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ABSTRACT

A hierarchical architecture is described which supports space station telerobots in a
variety of modes. The system is divided into three hierarchies: task decomposition, world
model, and sensory processing. Goals at each level of the task decomposition hierarchy are
divided both spatially and temporally into simpler commands for the next lower level. This
decomposition is respeated until, at the lowest level, the drive signals to the robot
actuators are generated. To accomplish its goals, task decomposition modules must often use
information stored in the world model. The purpose of the sensory system is to update the
world model as rapidly as possible to keep the model in registration with the physical
world. This paper desoesihes the architecture of the entire control sy.te- hierarchy and how
it can be applied to space telercbot applications /. fY)N ¢ .

i

1. INTRODUCTION

One of the major directions on which the robot research community has concentrated its
efforts is concerned with planning ané controlling motion. Given a specific task, a motion
plan must be calculated which meets the task requirements. Then, the plan must be executed;
there must be sufficient control for the robot to adequately effect the desired motion.

Trajectories are often planned as straight lines in Cartesian space (l). Whitney (2,3)
developed the resolved motion rate control method for Cartesian straight 1line motions.
Paul (4,5.,6) used homogeneocus coordinate transformations to describe a trajectory as a
function of time, and Taylor (7) used coordinated joint control over small segments to keep
the trajectory within a specified deviation of the desired straight line trajectory.

While the research described above employs a "kinematic® approach to robot coatrol,
another direction of research takes the manipulator “dynamics® into account in the
description of robot motion. The dynamic equations of motion are described either by the
Lagrangian formulation (8) or by the Newton-Euler equations (9). Algorithas and computer
architectures have been suggested which promise real-time dynamic robot control (10,11).

Another aspect of motion control is concerned with the variables being controlled. The
research described to this point was concerned primarily with position control. The zobot
moved from an initial position to a goal position. While this is perhaps the most common
mode, there are many applications for robots which suggest that other variables should be
controlled. For example, force control would be desired for assembly operations. Raibert
and Craig (12) suggest a method for hybrid position/force control of manipulators.

These examples point to the more general problem of sensory processing. Por a great

‘J

deal of robot motion research, sensory processing has been limited to joint positions, -

velocities, and accelerations. However, other sensors ars often required to accomplish
tasks. The control community has conceantrated on the control aspects of the robot and as a
resclt, little emphasis has been placed on sophisticated sensory processing.

Machine vision, an offshoot of image procesasing research, has recently been associated
with advanced robot applications. One of the most interesting directions in this resesarch
area is concerned with sensor controlled robots. Operating with the constraints imposed by
real-time robot control, early methods used structured 1light and binary inages
(13,14,15,16). These approaches, though developed at different institutions, shared many

concepts. One of the isportant subsequent research efforts went towvard the development of

model-based image processing. Bolles and Cain (17) used models of objects to guide the
algorithms in a hypothesis/verification scheme known as the local feature focus method. The
concept has recently been extended from two dimensional (i.e. nearly flat) objects to three
dimensional objects (18). Although the approaches described here have led to a better
understanding of real-time vision processing, the systems lacked a sophisticated
interconnection with the robot control systes.
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The Automated Manufacturing Research Paciyj:y (ANRP), developed at the National Bureas
of Standards, is a hierarchically organized small-batch metal machining shop (19). It
separates sensory processing and robot control by a sophisticated world model. The world
model has three complementary data represeantations. Lomia (20) describes the CAD-like
section of the model. Shneier, ZXent, and Mansbach (21) describe the octree and table
representations supported by the model. The model generates hypotheses for the features
which are either verified or refuted by empirical evidence. The sensory system’s task ias to
update the appropriate parts of the world model with new or revised data as rcapidly as
possible. The control system accesses the world model as desired to obtain the current best
guess concerning any aspect of the world. Shneier, Lumia, and Kent (22) describe the
sensory system and its operation in greater detail. The AMRP was the first deliberate
attempt to tie together sensory processing, world modeling, and robot control ia e generic
fashion. The system developed for the AMRF is applicable to more than manufacturing. This
paper describes its use in spacé telerobotics.

2. A PUNCTIOMAL SYSTEM ARCHITECTURE

The fundamental paradigm is shown in Pigure 1. The control system architecture is a
three legged hierarchy of computing modules, serviced by a communications system and a
COREOR ®MemMOry. The task decosposition msodules performs real-time planning and cask
monitoring functions, and decompose task goals both spatially and temporally. The sensory
processing modules filter, correlate, detect, and integrate sensory information over both
space and time in order to recognize and measure patterns, features, objects, events, and
relationships in the external world. The vorld modeling modules ansver queries, make
predictions, and compute evaluation functions on the state space defined by the informatioa
stored in common memory. Coamon memory is a global database which contains the systenm's
best estisate of the state of the external wvorld. The world modeling modules keep the
common memory database current and consistent.

2.1. Task Decomposition -~ H modules
{Plan, EBxecute)

The first leg of the hierarchy consists of task decomposition H modules which plan and
execute the decomposition of high level goals into low level actions. Task decomaposition
involves both a temporal decomposition (into sequential actions along the time line) and a
spatial decomposition (into concurrent actions by different subsystems). Each § module at
each level consists of a job assignaent manager JA, a set of planners PL(i), and a set of
executors EX(i). These decompose the input task into both spatially and temporally distinct
subtasks as shown in Pigure 2. This will be described in greater detail in section 4.

2.2. World Modeling - M =modules
(Reaemaber, Estimate, Predict, Evaluate)

The second leqg of the hierarchy consists of world modeling B modules which model (i.e.
remeaber, estimate, predict) and evaluate the state of the world. The "world model®” is the
system's best estimate and evaluation of the history, current state, and possible future
states of the world, including the states of the system being controlled. The ®world model®
includes both the M modules and a knowledge base stored in a common memory database where
state variables, maps, lists of objects and events, and attributes of objects and events are
maintained. By this definition, the world model corresponds to what is widely knowa
throughout the artificial intelligence community as a "blackboard® {23). The world model
performs the following functions:

1. Maintain the common memory knovledge base by accepting information from the
sensory system.

2. Provide predictions of expected sensory input to the corzesponding G modules,
based on the state of the task and estimates of the external world.

3. Answer *What is?* questions asked by the executors in the correspoading level 1
modules. The task executor can request the values of any systea variable.

4. Answer *What if?" questions asked by the planners in the corresponding level X
modules. The M modules predict the results of hypothesized actions.

2.3. Sensory Processing - G modules
(Pilter, Integrate, Detect, Measure)

The third 1leg of the hierarchy consists of sensory processing G modules. These
recognize patterns, detect events, and filter and integrate sensory information over space
and time. The G modules at each level compare world sodel predictions vwith sensory
observations and cospute correlation and difference functions. These are integrated over
time and space so as to fuse sensory inforsation from multiple sources over extended time
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intervals. Newly detected or recognized events, objects, and relationships are entered by
the N modules into the world model common memory database, and objects or relationships
perceived to no longer exist are removed. The G modules also contain functions which can
compute confidence factors and probabilities of recognized events, and statistical estimates
of stochastic state variabdle values.

2.4. Operator Interfaces
(Control, Observe, Define Goals, Indicate Objects)

The contzol architecture defined here has an operator intecface at each level in the
hierarchy. The operator interface provides a means by vhich human operators, either in the
space station or on the ground, can observe and supervise the telerobot. Bach level of the
task decomposition hierarchy provides an interface vhere the human operator can assuse
coatrol. The task commands into any level can be derived either from the higher level &
module, or from the operator interface. Using a variety ©of input devices such as a
joystick, mouse, trackball, 1light pen, keyboard, voice input, etc., a human operator can
enter the control hieractchy at any level, at any time of his choosing, to monitor a process,
to insert information, to interrupt automatic operation and take control of the task being
performed, or to apply husan intelligence to sensory processing or world modeling functionms.

The sharing of command input between human and autonomous control need not be all or
none. It is possible in many cases for the human and the automatic controllers to
simultaneously share control of a telerobot system. For example a human might control the
orientation oOf a camera while the robot automatically translates the same camera through
space.

2.4.1 Opecrator Control interface levels

The operator can enter the hierarchy at any level. The operator control interface
interprets teleoperation in the fullest sense: a teleoperator is any device which is
controlled by a human from a remote location. While the master-slave paradigm is certainly
a type of teleoperation, it does not constitute the only fora of man-sachine interaction.
At different levels of the hierarchy, the interface device for the human may change but the
fundamental concept of teleoperation is still preserved. Table 1 illustrates the
interaction an operator say have at each level. )

The operator control interface thus provides mechanisas for entering new instructions
or programs into the various coatrol modules. This can oe used on-line for real-time
supervisory control, or in a background mode for altering autonomous telerobot plans before
autonomous execution reaches that part of the plan.

2.4.2 Operator monitoring interfaces

The operator interfaces allow the human the option of simply monitoring any 1level.
Windovs into the common memory knowledge base permit viewving of maps of service bay layout,
geometric descriptions and mechanical and electrical configurations of satellites, lists of
recognized objects and events, object parameters, and state variables such as positions,
velocities, forces, confidence levels, tolerances, traces of past history, plans for future
actions, and current priorities and utility function values. These may be displayed in
graphical fora, for example using dials or bar graphs for scalar variables, shaded graphics
for object geometry, and a variety of map displays for spatial occupancy.

2.4.3 Sensory processing/world modeling interfaces

The operator interface may also permit interaction with the sensory prccessing and/ot
world modeling modules. Por example, an operator using a video monitor with a graphics
overlay and a light pen or joystick might provide human interpretative assistance to the
vision/world modeling systea. The operator might interactively assist the model matching
algorithms by indicating with a light pen which features in the image (e.g. edges, corners)
correspond to those in a stored model. Alternatively, an operator could use a joystick to
line up a wireframe model with a TV image, either in 2-D or 3-D. The operator might either
move the wireframe model 30 as to line up with the image, or move the camera position so as
to line up the image with the model. Once the alignment was nearly correct, the operator
could allow automatic matching algorithms to complete the match, and track future movesments
of the image.

2.5. Common Nemory
2.5.1. Coamunications
One of the primary functions of cosmon memory is to facilitate comamunications between

sodules. Coamunications within the control hierarchy is supported by a common memory in
which state variables are globally defined.
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EBach module ia the sensory processing, world modeling, and task decomposition
hierazchies reads inputs from, and writes outputs to, the coamon memory. Thus each module
needs oaly to know where in common memory its input variables are stored, and where in
coamon memory it should write its output variables. The data structures ian the comson
mesory then define the interfaces between the G, N, and B modules.

The operator interfaces also interact with the systeas throwgh common memory. The
operator displays simply read the varfiables they need from the locations in common memory.
If the operator wishes to take control of the system, he sisply writes command variables to
the appropriate 1locations in coamon memory. The control modules that read from those
locations need not know whether their input commands derived from a human operator, or froa
the next higher level in the autonomous control hierarchy.

2.5.2 State Varcriables

The state variables in commom memory are the systeam's best estimate of the state of the
world, iacluding both the external eaviroament and the internal state of the B, M, and ¢
modules. Data ia common memory are available to all modules at all levels of the control
system.

The knowledge base in the common memory consists of three elements: maps which
describe tne spatial occupancy of the world, object-attribute linked 1lists, and state
variables.

3. LBVELS IN TEE CONTROL HNIERARCEY

The control systes arcahitecture described here for the Flight Telerobot System is & six
level hierarchy as shown in Pigure 3. At each level in this hierarchy a fundamental
transformastion is performed on the task.

Level 1 transforas coordinates fros a convenient coordinate frame into joint coordinates.
This level also servos joint positions, velocities, and forces.

Level 2 computes inertial dynamics, and generates smooth trajectories ia a
convenient coordinate frame.

Level 3 decomposes elementary move commands (E-moves) into strimgs of intermediate poses.
E-moves are typically defined in terms of motion of the subsystem being controlled
(i.e., transporter, manipulator, camera platform, etc.) through a space defined by
e convenient coordinate system. E-move comaands may coasist of sysbolic names of
elementary movements, oOr may be expressed as keyfrane descriptioas of desired
relationships to be achieved between system state variables. E-moves arce
decoaposed into strings of intermediate poses which define motion  pathways that
have been checked for clearance with potantial obstacles, and which avoid
kinematic singularities.

Level 4 decomposes object task commands specified in terms of actions performed on objects
into sequences of E-moves defined in teras of manipulator aotions. Object tasks
typically define actions to be performed by a single multiaramed telerobot systea
on one object at a time. Tasks defined in termas of actions oa objects are
decomposed into sequences of E-moves defined in terms of manipulator or vehicle
subsystea @sotions. This decomposition checks to assure that there exist motion
freevays clear of obstacles between keyframe poses, aad schedules coordinated
activity of telerobot subsystems, such as the transporter, dual ars sanipulators,
multifingered grippers, and camera arms.

Level S decoaposes actions to be performed on batches of parts
into tasks performsed on individual objects. It
schedules the actions of one Oor more telerobot systems
to coordinate vith other machines and systesms operating
in the immediate vicinity. ror example, Level S
decoaposes service bay action schedules into sequences
of object taeck commands to vacrious telerobot servicers,
astronauts, and automatic berthing mechanisas. Service
bay actions are typically specified in terms of
servicing operations to be performed by all the systess
{mechanical and bhusan) in a service bay on a whole
satellite. This decoaposition typically assigns
servicing tasks to various telerobot systeams, and
schedules secvicing tasks so as to maximize the
effectiveness of the service bay resources.
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Level 6 decomposes the satyllite servicing mission plan into service bay action commancs.
Nission plans are typically specified in terms of satellite servicing priorities,
reqgquirements, constraints, and aission time line. The level ¢ decomposition
typically assigns satellites to service Days, sets priorities for secrvice bay
activities, generates requirements for spare parts and tool kits, and schedules
the activities of the service bays so as to maximize the effectiveness of the
satellite servicing aission. To & large extent the level § mission plams will be
generated off line on the ground, either by human nmissioan planners, or by
automatic or sesiautomatic mission planning methods.

4. DETAILED STRUCTURE OF THE B MODULRS

The E =module at each level consists of three pacrts as showa in Pigure 4: a 3Job
assignaent manager JA, Onhe or more planners PL(s), and one or mo:= executors RX(s).

The job assignment manager JA is responsible for partitioning the task command TC into
s spatially or 1logically distinct jobs to be performed by s physically distinct
planner/executor mechanisas. At the upper levels the jod assignsent module may also assign
physical resources against task elements. The output of the job assignment manager is a set
of job commands JC(s), e=1l, 2, ..., K where W is the nuamber of spatially, or logically,
distinct jobs.

Por each of these job commands JC(s), there exists a planner PL(s) and a executor
EX(s). Rach planner PL(s) is responsible for decomposing its job coamand JC(s) {iato a
temporal sequence of planned subtasks PST(s,tt). Planning typically requires evalsation of
alternative hypothetical sequences of planned subtasks. The planner hypothesizes some
action or series of actions, the world model predicts the results of the actioa(s) and
coasputes some evaluation function RBP(s,tt) on the predicted resulting state of the world.
The hypothetical sequence of actions producing the best evaluation function EP(a,tt)max |is
then selected as the plan PST(s,tt] to be executed by the executor RX(s).

PST(s,tt) = PL(s}) JC(s),RBF(s,tt)max

where tt is the time sequence index for steps in the plaa. tt may also be defined as a
running temporal index in planning space, tt = 1, 2, ..., th where th i3 the value of the
tt index at the planning horizon. The planning horizon is defined as the period into the
future over wvhich a plan is prepared. Rach level of the hierarchy has a planning borizon ot
one or two expected input task time durations.

Bach executor EX{(s) is responsible for successfully executing the plan PST(s,tt)
prepared by its respective planner PL(sS). If all the subtasks in the plan PST(s,tt) are

successfully executed, then the goal cf the original task will be achieved. The executor
operates by selecting a subtask from the curcent queue of planned subtasks and outputting a
subcommand STX(s,t) to the appropriate subordinate B module at time t T*he EX{s) module

monitors its feedback PB(s,t) input in order to servo its output # .(s,t) to the desired
subtask activity.

STX(s,ten) = RX(s) PST(s,t),PB(s,t)

where n = the number of state clock periods required to compute the function EX(s). n
typically equals 1. The feedback PB(s.t) also carries timing and subgoal event iaformation
for coordination of ocutput between executors at the same level. When the executor detects e
subgoal eveat, it selects the next planned subtask from the queuve.

Executor output STX(s,t) also contains requests for information from the world model N
module, and status reports to the next higher (i+l) level in the X module hiecacchy. The
feedback FB(s,t) contains status reports from the H module at the i~1l th level indicating
progress on its current task.

S. CORCLUSION
This paper has described a hierarchically ocrgqanized control systes and has shown how
this generic system can be applied to telerobotic applications in space by considering the

requirements of a flight telerobotic servicer for the space station.
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LRVEL
At the servo

above level 1

above level 2

above level 3

above level &

above level §

above level ¢

TABLE 1 -- OPERATOR INTERACTION AT EACH LEVEL

TYPE OF INTERACTION

- replica master, individual joint position, rate, or force controlless.

joy stick to perfora resolved motion force/rate control
indicate safe motion pathways. Robot computes dynamically efficient
movenents :

graphically or symbolically define key poses. menus to choose slemental
BOves. .

specify tasks to be perforamed on objecta.

reassign telerobots to different service bays. insert, modify, and
monitor plans describing servicing task sequences.

reconfigure servicing mission priorities.




S97OTY9A FUSHTTTOIUI 207

OPERATOR INTERFACE

9203093TY0aY Wo3Isks 10I3U0D [PTYOIRIGTH ¥V ! T JYNOIA

AN

NOILOW 3SN3S
] I I
OAV3S > >
NUO4SNYHL 17| n to
2LYNIOYO0D ' - : - :
 EE————— . | 1 §
> _—
BALIMINE TH - n 2o
4] I I
1 | | 1 1 1 1
INON3 L] - tn T to
T 'R} 1 1 837114 NYHOOUd
1 1 1
$NO4 NOILYNIVA3
eVl ™™ » [, v Yo $319VINVA 31V1S
n - 81817 19340
T1 1 I Sd¥YN
T‘ 1 1 1 1 . —
NOLLVASNHOM H g S > S
100 31n23X3 NOILVNTVAS 31VHOILNI
NVd 13000 193130
ABONIN
NOILIS0dN0030 DNI3AON ONISS300Nd NOWNROD
NSVL aIyom AYOSN3S

162




L 07

uot3fsoduodap [RIOGUI} € uzo3xad {({) #3 S103NODOX3d pue {C) ‘14 sasuuerd

*39e3 943 O UoTITB0duodd) (viIvds ® survjaad ¢p judsaubisse qol Byl

-< uvopsodwoseq
esodwey
-
uonoexy
\M x syseqng
A §
Ar\ 1X3) ss01n00x3y

JoBeueyy
113 uofieinByuo)
INAANOISSY

e\ gaor

uojiisodwosaq ysel

163



SERVICE/REPAIR
MISSION
CONTROL
ORDERS / "\'\\b
5 | SERVICE SERVICE | , o o [PARTS. TOOLS
BAY 1 BAY 2 INVENTORY
AL \ P
TASKS \
[ rms BERTHING
4 |maniPuLator ®¢®¢ | FixTURES
+ N Y v\
E-MOVES
g | TELEROBOT MANIPULATOR CAMERA
TRANSPORT 1 POSITIONER 2
Y |\ |\ v | N
KEY-POSES | ‘
‘ o [TRANSPORTER ARM POINTING
DYNAMICS DYNAMICS DYNAMICS
xyz |\ | N |\
TRAJECTORIES | 4
COORD -
4 | THRUSTERS XFORM PAM ZOOM
SERVOS FOCUS
powern ¥ ¢ N 7 ¥~ e\
ACTUATORS

FICURE 3: B six level Eierarchial Control Syster Propoced for
Multiple Autonomous Vehicles




*%:] §I0INOO0XO JO 303 ¥ Pue 14 BISUUET ‘VL OTnpow
ucutubysow qof ¥ 1saxed 99ay3 sUy TOAS( {090 3v OINPOW H Syl v IUNOIJ

Rl

165




